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By H. B. Probst, C. E. May, and Howard T. McHenry

SUMMARY

The corrosion resistance of 11 nickel-base compositions to molten
sodlum hydroxide at 1500° and 1700° F was studied in order to find a con-
tainer materisl for the caustic at these temperatures. Although, in
caustic, pure nickel is corrosion resistant (suffering only thermsl-
graedient mass transfer), it is structurally weak. Therefore, ways of
strengthening nickel were sought that would not decrease its corrosion
resistance. The materials selected for testing were as follows:

(1) Solid solutions: (nickel plus copper, nickel plus molybdenum,
nickel plus zirconium, nickel plus tin, nickel plus columbium,
nickel plus manganese, and nickel plus silicon)

(2) Two-phase materials: (a) meterials containing mechanical disper-
sions of refractory particles (nickel plus titanium carbide, nickel
plus magnesium oxide, and nickel plus aluminum oxide); and (b)
precipitation-hardened alloy (nickel plus titanium)

At 1500° F only two nickel-base materisls showed more than slight
intergranular attack. This was a great lmprovement over commereial nickel-
base alloys. However, other types of corrosion were still prevalent in
some of the materials, The most common of these were the leaching of the
solute, or second phase, and the formstion of foreign nonmetallic phases
within the alloy. In general, corrosion at 1700° F was only slightly
more severe than at 1500° F. The only alloy that was as resistant to
attack as pure nickel was the solid solution containing 30 percent copper.
(This meterial still exhibited thermal-grsdient mass transfer , however, )
The materials contalning molybdenum, zirconium, tin, titanium carbide,
magnesium oxide, and aliminum oxide might be worthy of further investiga-
tion since corrosion was relatively slight. However, in the alloys con-
taining columbium, manganese, silicon, end titanium the corrosion was
sufficiently severe so that these materials should be given no further
consideration.
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INTRODUCTION

Two essential components of a thermal nuclesr powerplant are a coolant
and a moderator. If both functions, cooling and moderating, could be per-~
formed by a single material, reactor design might be considerably simpli-
fied (ref. 1). Molten sodium hydroxide is such a material. It also has
the desirsble properties of good resistance to radistion damage (ref. 2)
and a wide temperature range between melting point (608° F) and boiling
point (2534° F).

In contrast to these advantages, molten sodium hydroxide is extremely
corrosive to most materials at 1500° F (refs. 3 to 5). One of the most
promising corrosion-resistant container msterials for sodium hydroxide at
high temperstures is pure nickel., ZEven this metal is subject to thermal-
gradient mass transfer, which is the removal of metal from the hot zone
and deposition in the cooler zone, Mass transfer of nickel has been some-
what inhibited by the use of additives to sodium hydroxide (ref. 6). Even
if mass transfer were eliminated, pure nickel does not have sufficient
strength at 1500° F to meet most design requirements. A masterial that is
stronger than nickel and is as resistant as it is to corrosion by sodium
hydroxide at elevated temperatures must be found if the unique properties
of godium hydroxide as both a moderator and a coolant are to be utilized.

Strong commercial nickel alloys such as the Hastelloys, Monels,
Inconels, and Nimonics have previously been tested in molten sodiwm hy-
droxide up to 1500° F (refs. 4 and 5). All these materials were attacked
more severely than pure nickel by molten scdium hydroxide; 1n most cases
the corrosion was in the form of severe intergranular attack.

This investigation was conducted to study the corrosion resistance
to sodium hydroxide of simpler nickel-base meterials that were expected
to be stronger than pure nickel. The materilals selected for investigation
were of two general classes, nickel-rich binary solld solutions and two-
phase, nickel-base alloys strengthened by particles produced either by
mechanical dispersion of refractory particles in the nickel matrix or by
precipitation.

Solid-solution alloyes were studied to determine if homogeneous
single-phase alloys might be free from the severe intergranuler attack
observed in commercial nickel alloys. It was thought that the intergranu-
lar attack mey have been due to concentration of alloying elements or
second phases at the grain boundaries. Solid-solution alloyling would be
expected to strengthen nickel as a result of the lattice strain resulting
from accommodation of foreign stoms into the nickel lattice. In addition,
the presence of certain kinds of foreign atoms in solid solutions greatly
alters the formation and effect of substructures. Such substructures have
been shown to strengthen nickel solutions (ref. 7).
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Although commerclal multiphase alloys generally had exhibited poor
corrosion resistance to sodium hydroxide, two-phase alloys might be cor-
rosion resistant if they possessed structures in which smell, discrete
particles of a second phase were isolated from each other by a corrosion-
resistant matrix. If the second-phase particles were subject to attack
by sodium hydroxide, such attack should largely be confined to the surface
in contact with the hydroxide., Particles below the surface would effec-
tively be shilelded by the matrix. Such structures can be produced either
by precipitation hardening or by mechanically dispersing small particles
in nickel by powder-metallurgy means. Of the two methods, mechanical
dispersion would be expected to be more successful, since it is probsble
that a pure nickel matrix known to have good corrosion resistance might
be retained. In precipitation~hardened alloys, the particle is surrounded
by a solid-solution matrix, which is 1ikely to be less corrosion resistant
than pure nickel. Both methods, however, are capsble of producing sub-
stantlial strengthening,.

The materilals evalusted and their methods of prepersatlon are described
herein and the results of static corrosion tests of the materisls in sodium
hydroxide at 1500° and 1700° F are presented.

MATERTATS

The materials investigated are listed in table I, Materisls for sll
categories were selected on the basis of having low thermsl neutron capture
cross section, belng reaedlly available, and possessing desirable phase re-
latione with nickel.

Solid-Solution Alloys

Nickel-base solid solutions containing the following percentages of
alloying elements by weight were selected for study in thls category:
copper, 30; manganese, 15; molybdenum, 5; silicon, 13 tin, 5; and
zirconium, 1., The amount of the alloying element was an arbitrary com-
promige between the meximum solute content for strengthening purposes and
an alloy content which would ensure complete homogenization after heat
treatment. Copper, which is completely soluble in nickel, was added %o
nickel as 30 percent by weight of the alloy. This alloy is comparsble to
the nickel-base alloy, Monel.

Nickel with Mechanically Dispersed Second Phase

Extremely fine dispersions of refractory particles have resulted in
sizeaeble strength increases over that of the matrix meterial. For example,
the tensile strength of commercislly pure aluminum at 600° F is 2500 pounds
per square inch (ref. 8, p. 810). A fine dispersion of 12 percent



4 NACA TN 4157

aluminum oxide by weight throughout the sluminum wmatrix increases the
tensile strength to 15,000 pounds per square inch at the same teumpera-
ture (ref. 9). Increases in stress-rupture strengths have also been '
obtained with aluminum oxide dispersion in nickel matrices (ref. 10).

The materisls selected for study in this category were nickel plus
the following percentages by weight: titanlum carbide, 12.0 or 8.2; alum-
inum oxide, 3.9; magnesium oxide, 4.3. The aluminum oxide containing
material, which was supplied by Dr. N. J. Grant of the Massachusetts
Institute of Technology, had fine particle size. No effort was made ‘o
cbtain a particularly fine refractory particle size in the other materials.

An addition of nlckel oxide to niekel was not studied because of the
instability of nilckel oxide in hydrogen produced from the chemical reac-
tion between sodium hydroxide and nickel (refs. 11 and 12).

Precipitation-Hardened Alloys

Alloys in the precipitation-hardened category were selected on the
basis of favorsble solubility changes with temperature and relatively low
solubilities of the alloying elemeunt in nickel at the test temperatures
of 1500° and 1700° F. Although there are a number of possibilities in
this category, only nickel plus 15 percent columbium and nickel plus 1l
percent titanium were selected for study. It was subsequently found thet
the nickel plus 15 percent columbium alloy could not be precipitation-
hardened as will be dlscussed later.

EXPERIMENTAL PROCEDURE
Materials Preparation

A commercially pure nickel, "L" nickel having a maximum carbon
content of 0.02 percent, was used for &all alloys except for those that
contained titanium carbide or sluminum oxide. Electrolytic nickel
powder was used for the nickel plus titanium carbide compositions.

The nickel plus aluminum oxide material (obtainéd from M.I.T.) had
been made from 10 micron "B" nickel powder and Alon C Al,0z powder. The

aluminum oxide powder originally hed an average particle size of 0.03
micron. The particle size in the as-received bar is, however, much larger
than this, approximately 0.1 micron (fig. 1(a)). Powder metallurgy tech-
niques followed by extrusion had been used in making this composition.

The nickel plus magnesium oxide material was made from -325 mesh
Plast nickel powder and analybical grade megneslum oxide powder. The
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powders were mixed for 3 hours in a ball mill using no balls, hydrostati-
cally pressed at 100,000 pounds per square inch, and vacuum sintered for

2 hours st 2500° F. The resulting density of the compact was 96.7 percent
of theoretical density and the average magnesium oxlde psrticle size was
approximately 10 microms (fig. 1(b)).

All other compositions were melted vnder argon atmosphere in zircon
crucibles and cast in an argon atmosphere into s Zé-inch-deep by 7{6—;-inch-

diameter copper mold. All heat treatments (see table I) were carried out
in an argon stmosphere. The nickel plus 15 percent mangenese and nickel
plus 1 percent zirconium alloys required plastic deformation, as noted in
table I, before complete solution could be obtained. The microstructure
of t]%e)nickel plus titanium cerbide meterials is shown in figures 1(c)
and (d}.

The nickel plus 15 percent columbium alloy showed no response to the
aging treatmeunts shown in teble I, After these treatments, there was no
definite metallographic evidence of any precipitate. Hardness measurements.
also indicated that no aging reasction had taken place., Thus, it is be-
lieved that this composition is in the solid-solution range at the aging
temperature and that the equilibrium disgram in reference 8(p. 1187) is
in error. As a result, this alloy will subsequently be classified as a
solid-solution =alloy.

Corrosion Test

The test specimens (11/32 in. square by 1/16 in., approximately 1 g)
were prepared by surface grinding. The following datas were obtained for
each test material before the corrosion tests were made: microstructure,
X-ray diffraction pattern from the surface of the specimen, and weight of
the test specimen.

The corrosion tests were run in "L" nickel capsules of the geometry
ghown in figure 2. A specimen was placed at the bottom of each capsule,
The components of each capsule assembly, that 1s, tube, top, bottom, and
vent tube, were cleaned in modified aque regia (ref. 12) before assembly
for 2 minutes,

After the bottom was welded in place, the welghed test specimen was
placed in the capsule and sodium hydroxide (13.040.1 g) was then added %o
the capsule in a helium dry box. The top and vent tube were then welded
in place by means of a modified heliarc welding process. A welding stmos-
phere of hellium plus 15 percent hydrogen was mainteined while argon flowed
through the assembly dwring welding,
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Moisture and air were removed by evacusting to a pressure of 5 microns
of mercury at 580° F (below the melting point of NaOH) and then evacuating
to a pressure of 5 microns of mercury at 7200 F (ebove the melting point
of NeOH). The approximate times required for the two evacuations were 16
hours and 4 hours, respectively. Following the evacuation and cooling
brocess, & cover gas of helium at a pressure of 2 pounds per square inch
gage was admitted and the assembly sealed by crimping and welding the
vent tube. Thermocouples were spotwelded to the capsules 1/8 ineh from

the bottom and also at the liquid level, 2%'- inches from the bottom.

Eight such capsules were placed in a contalner which held the capsules
in a circular srrangement, each being 1—14-‘- inches from its nearest neighbor.

The coutainer was then placed in s specially designed Globar furnace -(ref.
3) already at test temperature. In each group of eight capsules s two con-
tained "L"-nickel specimens for control dsta.

Corrosion tests were run at 1500° and 1700° F. The temperature dif-
ference between the bottom of a capsule and the liguid level was approx-
imately 45° F; the top of the liquid was always cooler than the bottom of
the capsule 1in order to promote mass ‘transfer by convective flow. The
durstion of all tests was 24 hours,

The oxide coatling on the outside of the capsules was removed by vapor
blasting. The capsules were then opened and their contents washed out
with distilled water. Thilis water solution and eny accompanying precipitate
were chemically analyzed for the alloying element of the test materisl.

The specimens were reweighed after the corrosion run and were visually
examined for severe attack., An X-ray diffraction pattern was taken from
the top surface of each specimen and compared with the pattern obtalned
before the corrosion test. All materials were exemined metallographically
before and after the corrosion runs.

Testing vearious materlals in nickel capsules is not the most desireble

way to study the corrosion resistance of these msterials, for the presence
of dissimilar metals is known to affect the results of corrosion tests.
A better procedure would be to use a system where both capsule and test
plece ere of the same material. However, since fabricatlon of capsules
from the experimental materials would have been a major problem, nickel
capsules were used for these first screening tests.

RESUILTS AND DISCUSSION

The data obtained from the corrosion tests are entered in table II.
In this teble are given the "amount leached" data. These data indicate _
the percent of alloying element, or compound, found in the sodium hydroxide
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in excess of the amount expected if only uniform surface removal had oc-
curred. This excess amount could be due to either grain boundasry sttack,
removel of solute atoms from solution, or attack of the second phase. The
method used to calculate the leaching is presented in the sppendix.

A summary of the results is given in table TITI. It can readlly be
seen that intergranular eorrosion was not prevalent at 1500° F and only
the zirconium snd titanium alloys showed more than slight attack. In
general, results at 1700° F indicated only slightly more attack. OFf more
concern than the intergranular attack were the leaching and foreign-phase
formation observed for several of the materials.

Solid-Solution Alloys

Corrosion of the solid~-solution alloys can be clessified into three
groups: no abttack, nickel plus 30 percent copper; slight attack, nickel
plus 5 percent molybdenum, nickel plus 1 percent zirconium, and nickel
plus 5 percent tin; and severe abtteck, nickel plus 15 percent columbium,
nickel plus 15 percent manganese, and nickel plus 1 percent silicon.

Nickel plus copper. - The nickel plus copper alloy exhibited good
resistance to attack by sodium hydroxide at both temperatures. No change
in microstructure was observed and there was no leaching. OFf all the
compositions investigated, the alloy of nickel plus 30 percent copper
showed the greatest resistance to atiack.

These results for nickel plus copper are counsiderably more promising
than those obtained with commercial Monel (refs. 4 and 5). Monel (Ni + 30
percent Cu + 1.5 percent Fe + 1 percent Mn) was attacked intergrasnularly
by molten sodium hydroxide. The sgbsence of intergranular attack in the
nickel plus copper alloy investligated here may be due to one or both of
the following factors: (1) The minor constituents, iron and mangsanese,
contained in commercial Monel-type alloys probebly decrease the corrosion
resistance from that of simple nickel-copper compositions. (2) The ho-
mogenization heat treatment used in the present investigation may have
reduced grain-boundary concentrations of minor constituents and thereby
helped in preventing intergranular attack.

Nickel plus molybdenum. - No change was noted in the microstructure
of the nickel plus 5 percent molybdenum composition after testing at
1500° F; however, slight intergranuler attack resulted at 1700° F, as
shown in figire 3. Ieaching of molybdenum from the solid solution was
slight at both temperstures, as messured by analysis of the sodium
hydroxide.

Nickel plus zirconium, - The nickel plus 1 percent zirconium alloy
was attacked intergranulerly at both test temperatures. The attack =at
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1700° F, shown in figure 4, is sbout twice as deep as at 1500° F. The
intergranular attack at 1700° F is characterized by a foreign phase in
the grein boundaries; no such phase was observed after the 1500° F test.
Leaching at 1500° and 1700° F was not severe, as indicated by chemical
anslyses. However, X-ray data indicated that there was at least surface
leaching at both temperatures.

Nigkel plus tin. - No change in microstructure was noted for the
nickel plus 5 percent tin alloy after testing at 1500° F. Some inter-
granular attack was cobserved after the 1700° F test. A foreign phase was
present in the grain boundary regions as shown in figure 5, Since the
leaching appeared to be slight at 1700° F, according to chemical anslysis,
it wes assumed to be slight at 1500° F as well. However, chemical asnalysis
was lacking for the lower temperature sample. X-ray diffraction data
showed similar changes in the lattice pasrameter after the tests at both
temperatures, indicating at least surface leaching.

Nickel plus columblum, - The nickel plus 15 percent columbium alloy
gshowed an unusual reactlon to sodium hydroxide. The swelling that occurred
on the surface at 1500° F and the microstructure of this swelling are shown
in figures 6(a) and (b), respectively. The surface of the swell is a
single phese, while the body of the swell contains a forelgn phase., The
microstructure of this composition after the 1700° F test is shown in
figure 6(c). Grain boundary attack is evident with a foreign phase pres-
ent in the grain boundsry regions. While it is not evident in the photo-
microgreph, a slight surface swelling was present after the test at
1700° F. Both X-ray and chemical analysis data indicated that considersble
leaching of columbium had taken place at both test temperatures.

Nickel plus manganese, - Another material showing abundent formation
of & foreign phase at 1500° F was nickel plus 15 percent menganese., In
this case, however, the forelgn phase was not localized and appeared to
have formed with no volume change (fig. 7(a)). The surface of the sample
was pure nickel as shown by X-ray diffraction data. This reglon mey have

been depleted of manganese rather than being plated as there is no evidence _

of any interface. Iocalized formation of the foreign phase with some
surface swelling resulted after the 1700° F test, as shown in figure 7(b).
Chemical analysis showed only minor leaching at both temperatures.

Metallographically, the foreign phases conteined in the various ma-
terials appeared to be similer, that 1s, they had a dark gray to black
sppearance resembling the oxide. Of the materials containing the forelgn
phese, the sample shown in figure 7(a) (NL + 15 percent Mn) was the best
suited to identify the foreign phase by X-ray diffraction, The surface
of the ssmple was ground to various depths that were within the region
contaeining the foreign phase, X-ray patterns obtained from these newly
ground surfaces gave only nickel liunes. However, it was noted that after
the specimen was left standing in air for 24 hours, the ground surface of
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the metal was covered with & gray film, This film, presumsbly formed by
reaction of a foreign phase (possibly a sodium metallste) with moisture
and carbon diloxide in the air, was identified by X-ray diffraction as
Na2003-H20.

Nickel plus silicon. - There was no change 1n the appearance of the
microstructure of the nickel plus 1 percent silicon alloy after testing
at 1500° F, but slight intergranular sttack resulted at 1700° F as shown
in figure 8. Thils composgition showed the greatest leaching effect of all
the compositions studied. At both 1500C and 1700° F, virtually all the
solute was leached by the sodium hydroxide. Thus, this alloy has no ad-
vantage over pure nickel, since the alloy is essentlally changed to pure
nickel when exposed to molten sodiuvm hydroxide.

Nickel with Mechanically Dispersed Second Phase

The group of materisls with mechanically dispersed second phases
possessed generally good corrosion resistance. There was no intergranular
attack at either 1500° or 1700° ¥. Contrary to expectation, however, the
attack of refractory particles was not coufined to the partlcles exposed
at the surface. Microscoplc examination showed thet particles below the
surface had been removed, leaving voids. Figure 9 is a photomicrograph
of the nickel plus magnesium oxide material aftter corrosion test at
1700° F. The nickel plus titanium carbide compositions showed & similar
removal of titanium carbide particles. In addition to voids, the nickel
plus 8.2 percent titanium carbide specimen tested at 1700° F contained a
dark foreign phase near the surface similsr to that noted in a number of
the solid-solution alloys.

Metallogrsphic exaemination of the nickel plus saluminum oxlde maberial
did not clearly indicate to what extent the aluminum oxide particles had
been removed by the hydroxide. The size of the aluminum oxide particles
in this material was too small to distinguish between particles and voids.
However, the chemical analysis of the sodium hydroxide, shown in teble IT,
indicated that considersble aluminum oxide had been leached from the sample.

Precipitation-Hardened Alloy

The nickel plus 11 percent titanium alloy was severely attacked by
molten sodium hydroxide both at 1500° and 1700° F. As shown in figure 10,
attack was predominantly intergranular. The graln boundary regions were
depleted of titanium and showed the presence of a foreign phase. In ad-
dition, specimens tested at both temperatures also showed localized sur-
face swelling with a forelgn phase in the swells,
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During the test at 1500° F, a nickel plete formed on the specimen
(fig. 10(a)); this presumsbly came from the nickel cepsule. In figure
10(a), the surface swells containing the foreign phase appear to have been
formed after the deposition of the nickel plate. An accompenying positive
volume change is suggested by the ruptured plate. The internal boundary
regions of the swells in figure 10(c) sppear to be depleted of NizTi.

X-ray data of the alloy after the 1500° F test indicated only the nilckel
plate on the sample.

Nickel plus titanlum was the only precipitation-hardened alloy tested.
It is not reasoneble to expect that the poor corrosion resistance of this
alloy 1s representative of all aging alloys. Alloys containing spherical
precipitates (although probably not as strong) might show better corrosion
resistance than did the more continuous Widmanst&tten type precipitate in
the nickel plus tltanivm alloy. The composition of the solid-golution
matrix for a precipitatlon-hardened alloy would also have an lmportant
beering on the corrosion resistance.

SUMMARY OF RESULTS

At 1500° F, of 11 msterials evaluated, only two nickel-base materials
(N1 + Zr end Ni + T1) showed more than slight intergranular attack, This
wes a great improvement over the commercially avellable nickel-base alloys.
However, other types of corrosion were still prevalent in some of the
meterials., The most common types were the leaching of the solute, or
second phase, and the formation of foreign nommetallic phaeses within the
alloy. 1In general, the corrosion of the materlals at 1700° F was only
slightly greater than that at 1500° F.

The only alloy as resistant to attack as pure nickel was the solid
solution. containing 30 percent copper. This material stlll exhibited
thermal-gradient mass transfer as does pure nickel, Three solid solutions
(Ni + Mo, Ni + Zr, and Ni + Sn) and all the materials containing refractory
particles (Ni + TiC, Ni + MgO, and Ni + Al,0z) might be worthy of further

investigation since the over-all corrosion resistance of these msterials
was good. However, for the remaining solid solutions (Ni + Cb, N1 + Mn,
and N1 + Si) and the precipitation-hardening alloy (Ni + Ti), the corrosion
was sufficiently severe that no further consilderation should be given
these materisls. ' : -

Lewis Flight Propulsion Leboratory _ _
Natlional Advisory Committee for Aeronauties
Cleveland, Ohio, October 16, 1957
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APPENDIX - METHOD OF CALCULATING EXCESS REMOVAL OF ALLOYING ELEMENTS

The method of calculsting the percentage of the alloying element, or
compound, which was removed from specimens in excess of normal surface
removel by mass transfer i1s described herein.

The quantity of the alloying element 8 removed as & result of the
surface removal of nickel 1s calculsted as follows:

S=_.£‘L_
l-v5

where k is the amount of nickel removed from unalloyed samples (k = 11.2
mg at 1500° F and 40.1 mg at 1700° F; the assumption was made that k
remsins constant for all alloying sdditions; see table II) and y is the
weight fraction of alloylng element, or compound, in the ssmple.

The "amount leached" dats (additional removal) were obteined from
the following relation:

Amount leached, percent = %—%—;—sl

where x 1is the amount of alloying element, or compound, found in the
sodium hydroxide after tests (in mg), + is the total amount of alloying
element, or compound, in the samples (in mg), and s, as defined previously,
is the calculated amount of alloying element or compound that should be in
the sodium hydroxide if no leaching took place,
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Alloying element Purity of Form of Chemical analysis | Heat treatsents hefore teate® Remulting mlcroatruoturess
or comp » alloying alloyiug |after fabrlicaticn, before tests
noninal peroent element or element o | perosnt hy welght
by welght aompound, o ompounid
percent
Solid solutionm
[)
30 Cu 88,9 Shot 23,20 Cu 2350 P - 1/2 hr; air c¢ool Solid solution
5 Mo £9.0 Turnings 5.11 Mo 1800° P - 1/2 hr; alr cool Sclid sclution
12n —_—— Stisk 1.05 ax ¢old pressed to 218,000 Solid soluticn + lmpurity phase
1b/eq in, 19009 F -
22 hr, water quenched
18000 P = 1/2 hr; air aool 8o0lid solution + Nix8n
5 8n 29.8 Stiok 4.99 &n 20000 P ~ 1/2 hr; weber Solid solution
quanahad
Sglution an 1.4 nznnl m Ta1dA ol a.._.
Sclatlion annaaled - 23207 P - | 86144 solution
? hroj water quenched Rookwell A hardness = 52
. 4.4 Aged - 16800° P = 2 hr; watsr |No vimihle precipitate;
16 Cb 99.8 Powder 1 7 Ch quenched Rockarell * A hardneuu'- 54
Aged - 1500° ¥ - ¢ hry water |No v:l.uiblo pu:'eoipitata,
quanached Raokwell A hardness = 54
15 M {27 Lusp 14,30 Mn Cold pressed o 215,000 30144 salution
896.0 +¢1 81 1b/eq in. 1900° F -
0.2 20 hr; air oool
1800° F - 1/2 br; air cool 8clid molution + sacond phase
181 89.9 Lunp 1.05 31 2000° F - 1/ hr; water Bolid solutien
quenched
Haterials eontaining refractory particles
12 TiC —— Powder 11,40 T4C 22p0° F - 5 hr; argon eool Tnilform dispersion
8.2 710 v—— Powder 7.20 ™C 2200° F ~ 3 hr; argon caol Uniform dispersicn
5.9 AlpO3 ——— Powden 4,30 AdaOx As recelved Uniform dispersion
4.3 Mgo 98,0 Powden 3.86 Mg0 As plunterad Uniform disperslon
Precipltation-hardened alloy
Solution annsaled -~ 2550° P — |Solid polution + lmpurity phase;
4 hr; water quenched Rockwell € hardnefs = 25
11 T™ g98.5 Rod 10.60 T1

Aged - 1550° F - 24 hr; water
queanched

Bolld solutien + impurity phase +
NisT1; Rookwell C hardness = 33

2411oye listing more than one heat treatment were trsated in the order given.
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TABLE IT,

- RESULTS OF 30DTUM HYDROXIDE TEST3

{a) Temperature, 1500° F

Alloying element | Specimen [ Change in lattioe | Amount of alloying | Amouni j Hicrosiruoture after tesd
or compound, weight parameter from element or compound|leached,
nominal percent | change, that of pure In NaOH after run, [percent
by welght ng nickel, ng
percent
Before | After
test test
0 (Pure Ni) -11.2 0.0 0.0 0.0 0.0 No ohange
80l1id sclutions

30 Cu ~16.4 0.51 0.60 3.3 -0.47 No change

5 Mo =-15.7 0.41 0.21 1.7 2.1 No change

1 Zr -10.3 0.20 0.04 0.26 1.24 Intergrannlar sttack

§ So -19.8 0.69 | 0.34 (a) ¥o change

15 Cb +0.6 1.80 0.09 45.0 31.8 Iocalized surface swalling
with foreign phese In
gwell

15 Mn 462 .4 1.40 ib) 5.4 2.5 Wi plate; Toreign phase
below plate

181 +1.3 0,00 |-0.08 11,0 98.2 No change

Materials containing refractory particles

12 TiC ~ 6.5 1.02 0.03 9.14 6.7 TiC removed fron surface
ragion

5.9 41,0, ~-16.8 0.05 |-~0.03 7.65 16.8 No change

4.3 Mg0 ~15.1 0.03 0.02 2,82 7.0 Mg0 removed from surface
reglon

Precipitation-hardened allcy

1: T +21,0 1.28 (b) 7.3 6.42 |Ni plate; murface swelling
with foreign phase In
swells; grain bound-
aries depleted of NisT1;
Foreign phase in grain
boundarlas

2Chemioal snalysis wes in ervor.
"PNot possible to determina becsuse of N1 plating om sample.
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TABLE II. -~ CONCLUDED. RESULTS OF SODIUM EYIROXIDE TESTS
{b) Temperature, 1700° F

Alloying element | Speoimen |Change In lattloe | Amount of alloying Amount | Microstruoture after teat
or oompound, welght paremster from alement or compound | leaghed,
nominal peroent change, thet of pure in Na0H after run, | peraent
by welght mg niokel, mg
perosnt
Before | After
test mm ; tent
0 (Pure K1} -40.1 0.0 0.0 0.0 0.0 No change
80lld molutions

30 Cu -62.4 0.61 0.67 11.5 =1.78 No change

5 Mo -45,1 0.41 0.38 3.5 2.88 | 8light intergranular atback

1 Zr n27.7 0.20 0.00 0.1 ~3.,26 | Foreign phase in grain
boundaries resulting from
Intergramlar attack

5 8n ~41.7 0.68 0.38 0.2 -5.8 Foreign phase in grain
boundaries resulting
Irom intergramlar atteck

15 Cb -368.1 1.80 .11 59,0 24.3 Foralgn phase in grain
boundaries resulting
from intergramilar atieci

15 Mn =22.8 1.40 0.88 7.4 0.5 Localiged forelgn phase Iin
purface raglon

181 -40.0 0.00 0.00 9.0 B0.5 S1light inbtergranular attack

Haterlale containing refractory partlialem

d.2 Tic +6.9 0.684 0.04 2.4 -1.08 | ™C removed from surfamse
region; foreign phape
present

3.9 Alz03 46,2 0.05 0,00 13.3 27.2 No change

4.5 Mg0 -38.48 0.035 0.00 5.8 12.8 Mg0 ramoved from surlfaoe
reglon

Precipitation-hardened alloy
11T -27.8 l.28 1.00 7.3 2.58 | Surface swalling with for-

elgn phese in uwellﬂi
grain boundaries depleted
of NizTi; forsign phase

in grain boundariss
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TABLE III. - SUMMARY OF REACTIONS WITH SODIUM HYDROXIDE

[Undetermined, u; reaction observed, x; little or no reaction, no Bymbolg

91

Alloying element | Intergranular Second- | Formation Nickel Leaching of solute
or compoung, attack phasge of forelgn | plating
nominsl percent attack phase on X-ray Chemical anzlysls
by welight pample diffraction
Temperature, OF
1500 { 1700 1500 | 1700 | 1500 [ 1700 | 1500 | 1700{ 1500 | 1700| 1500 1700
' So011d solutions

30 Cu

5 Mo X

1 Zr X x x x X

5 Sn P X x X u

15 Cb x x x x X x X
15 Mn x x b4 u

13 u u x x

Materlals contalning refractory particles

12 TiC u u u u x u u
8.2 TiC u u u x u u x u

3.9 AloOs u u u u x x
4.3 Mgo x X u u x

Freclpltation-hardened alloy
11 T4 x x x x x x x u

o © clew ’
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RACA TN 4157 17
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(a) Nickel plus 3.9 percent alumimum oxide. Unetched; X1000.
Figure 1. - Refractory dispersions in nickel matrix.
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(b) Nickel Plus 4.3 percent magnesium oxide. Etch: 82 percent HC1,
S percent ENOs, and 2 percent 32804; X250.

Figure 1. - Continued. Refractory dispersions in nickel matrix.
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(c) Nickel plus 12 percent titanium cerbide. Unetched; X750.

Figure 1. - Continued.

Refractory dispersions in nickel matrix.
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(&) Nickel plus 8.2 percent titemium carbide. Unetched; X750. N

Figure 1. - Concluded. Refractory dispersions in nickel matrix.
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Weld
Crimp
\
Vent tube
.?Weld
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Thermocouple—/

Bot‘bom\ Weld

Figure 2. - Corrosion test capsule assembly.
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. /
C-46220

Figure 3. - Nickel plus 5 percent molybdemm after corrosion tesi
at 1700° F. Etched; X250.

B - ) " R ' c-46221

Figure 4. - Nickel plus 1 percent zirconium after corrosion test
at 1700° F. Unetched; X250.
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RACA TN 4157

s N C-d6222

Figure 5. - Nickel plus 5 percent tin after corrosion test at
1700° F. Etched; X250.

(&) Surface swelling. Temperature, 1500° F.
Figure 6. - Nickel plus 15 percent columbium after corrosion test.
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a2 NACA TN 4157
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L.y C-46223

(b) Microstructure of swelling. Temperature, l700° F. Unetched; X750.

Figure 6. - Contimued. Nickel plus 15 percent columbium after corrosion test.
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(¢) Microstructure. Temperature, 1700° F. Unetched; X500.

Figure 6. - Concluded. Nickel plus 15 percent columbium after corrosion test.
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(a) Temperature, 1500° ¥. Unetched; X250.

Figure T. - Nickel plus 15 percemt mangsnese after corrosion test.
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C-46226 -

(b) Temperature, 17000 F. Unetched; X500.

Figure 7. - Concluded. Nickel plus 15 percent mangenese after corrosion test.

C-46227

Figure 8. ~ Nickel plus 1 percent silican after corrosion test at
1700° F. Etched; X100.



NACA TN 4157

[
PREEEN M c-s6228

Figure 9. - Nickel plus 4.3 percent magnesium oxide sfter corrosion test
at 1700° F. Etched; X500.

(a) Temperature, 1500° F. Efched; X100.

Figure 10. - Nickel plus 11 percent titanium after corrosion test.
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NACA TN 4157

(b) Tempereture, 1700 F. Unetched; X200.

Figure 10. - Concluded. Tickel plus 11 percent titanium after
corrosion test.

NACA - Langley Fteld, Va.



